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The Rho family of small GTPases is involved in epithelial Epithelial organs consist mainly of spherical and tubu-
cystogenesis and tubulogenesis. lar structures. Formation of these cysts and tubules rep-
Background. Epithelial cyst and tubule formation represent resent complex, poorly understood processes involving
critical processes for the development of many mammalian
multiple factors and receptors that are crucial for the de-organs and involve transient, highly choreographed changes in
velopment of many mammalian organs, including the kid-cell polarity. The Rho family of small GTPases, whose prototypes
are RhoA, Rac1, and Cdc42, regulate many biologic processes, ney, lung, mammary gland, salivary gland, and pancreas
including cell polarization and morphogenesis. The exocyst [1–5]. Cystogenesis and tubulogenesis are also centrally
is a conserved eight-subunit protein complex involved in the involved in such diverse processes as organ regeneration
biogenesis of polarity; in yeast, it is a downstream effector for following injury and autosomal-dominant polycystic kid-several Rho family proteins, and, in mammals, plays a central
ney disease (ADPKD) [6, 7].role in cystogenesis and tubulogenesis.
A significant advance for the study of cystogenesis andMethods. Inducible cell lines expressing mutant forms of
RhoA, Rac1, and Cdc42 and an in vitro model of cystogenesis tubulogenesis was the development of an in vitro model
and tubulogenesis were used to examine the effects of Rho fam- system using collagen gel cultures of Madin-Darby ca-
ily proteins on cyst and tubule formation. A series of pulse- nine kidney (MDCK) epithelial cells stimulated by hepa-
chase assays, using basolateral, apical, and secretory proteins,
tocyte growth factor (HGF) [8, 9]. HGF induces epithe-were performed to examine the synthesis and membrane traf-
lial cell morphogenesis into organ-like structures thatficking profile of the various Rho family mutant proteins.
Results. We show that expression of mutant RhoA, Rac1, and are characteristic of the organ from which the cells were
Cdc42 proteins all result in abnormal cyst and tubule formation. originally derived [10]. MDCK cells, derived from canine
Furthermore, with respect to cystogenesis and tubulogenesis, renal tubular epithelium [11], form hollow fluid-filled
the phenotypic effects of expressing each mutant Rho family pro- cysts when cultured in collagen. Exposure of these pre-tein are different. Specifically, cyst and, therefore, tubule for-
formed epithelial cysts to mesenchymally derived HGFmation is completely inhibited in the presence of constitutively
causes the cysts to develop branching tubules in a processactive RhoA and tubulogenesis is inhibited in the presence of
dominant negative Rac1. Reversal of cyst polarity is seen in resembling the epithelial mesenchymal interaction oc-
the presence of dominant negative RhoA, dominant negative curring during kidney development in vivo [12, 13].
Rac1, and both dominant negative and constitutively active During tubulogenesis, cells in the polarized cyst, after
Cdc42. The series of synthesis and delivery assays, using baso-
exposure to HGF, initially send out long extensions oflateral, apical, and secretory proteins, revealed that Rho family
their basolateral surface. This is followed by migrationmutant proteins display an exocyst-like trafficking profile.
Conclusion. The differential effects suggest that RhoA, Rac1, and the formation of short chains of cells that lack apico-
and Cdc42 all act to control cyst and tubule formation and may basolateral polarity. Further migration and division leads
act in concert to control these higher-order processes. The to cords of cells containing nascent lumina, which, upon
exocyst-like membrane trafficking profile displayed by the Rho
repolarization, eventually result in the establishment offamily mutant proteins raises the possibility that Rho family
mature tubules [2]. This transient loss and restorationproteins interact, either directly or indirectly, with the exocyst
of cell polarity is a crucial component of tubulogenesis.to control cyst and tubule formation.
The proteins of the Rho family of small GTPases
[or guanidine triphosphate (GTP)-binding proteins] are
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bound states in cells. When Rho proteins are in the GTP- cytic membrane traffic by interacting with various mem-
bers of the exocyst complex.bound state, they become activated and interact with
In mammalian epithelial cells, the tight junction actsdownstream effector molecules, which carry out various
as a physical barrier between the apical and basolateralcellular functions. Mutations in these small GTPases
plasma membranes [38]. It was hypothesized as early ashave been shown to cause loss or misorientation of cell
1980 that vesicles containing proteins destined for thepolarity in various biologic contexts. Using MDCK cell
plasma membranes are first targeted to the area aroundlines that expressed constitutively active or dominant
the tight junction [39]. In fully polarized MDCK epithe-negative forms of Rho family mutants, it was previously
lial cells, the mammalian exocyst (also called the Sec6/8demonstrated that Rho family proteins are involved in
complex) localized to the tight junction. Antibodies againstthe early development of epithelial cell polarity, mainte-
exocyst components specifically inhibited delivery of anance of the tight junction [16, 17], and modulation of
basolateral plasma membrane protein, without affectingendocytic traffic [18, 19]. These studies were performed
delivery of an apical protein, thereby demonstrating ausing MDCK cells grown as monolayers on a synthetic
role for the mammalian exocyst in polarized membranesupport and, while the polarity of cells in a collagen gel
traffic [40]. Several groups, including ours, have con-cyst is generally thought to closely resemble that of filter-
firmed these results [25, 41, 42]. We also showed that thegrown cells, there have been differences reported in two-
exocyst complex affected cystogenesis and tubulogenesisand three-dimensional culture systems. For example,
and further defined an “exocyst-trafficking profile” as onegalectin-3 has been shown to be secreted apically in mono-
that involved synthesis and polarized delivery of basolat-layers [20, 21], but basolaterally in cysts [22, 23]. The
eral plasma membrane and secretory proteins [25].role of these proteins in the three-dimensional organiza-
Given that Rho family proteins control the exocyst intion of epithelial cysts and tubules had not been studied
yeast [34–37] and the exocyst is centrally involved inuntil very recently, when it was demonstrated that ex-
mammalian cystogenesis and tubulogenesis [25], a Rhopression of dominant negative Rac1 caused an inversion
family/exocyst interaction could provide a mechanismof cyst polarity due to abnormal basolateral laminin as-
for the establishment and/or maintenance of epithelialsembly. This occurred despite the fact that there was nor-
asymmetry during the crucial processes of epithelial cystmal polarity in dominant negative Rac1-expressing cells
and tubule formation. Here we present data supportinggrown as monolayers on a two-dimensional filter support
this idea.[24]. The major goal of our study was to determine the
role of Rho family proteins in cystogenesis and tubulo-
genesis. METHODS
We have been studying the factors that physiologically Cystogenesis and tubulogenesis
modulate polarity during mammalian epithelial cyst and MDCK type II cells transfected with the dominant
tubule formation and have found that the exocyst com- negative and constitutively active forms of RhoA, Rac1,
plex is centrally involved in this process [25]. The exocyst, and Cdc42 under the control of a tetracycline repressible
originally identified in the budding yeast Saccharomyces transactivator were maintained in minimal essential me-
cerevisiae, is a determinant of polarized secretion through- dium (MEM) supplemented with 5% fetal calf serum
out the yeast life cycle [26, 27] and forms a 750 kD com- (FCS) [16, 17]. For growth of cells in collagen gels, the
plex comprised of Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, MDCK cells were trypsinized and triturated into a single-
Sec15p, Exo70p, and Exo84p [28, 29]. All eight yeast exo- cell suspension of 2  104 cells/mL in a type I collagen
cyst proteins are evolutionarily conserved in mammals solution as described previously [2]. Cells in suspension
[30, 31]. were plated onto 10 mm filters (0.02 to 0.2 um pore
The effects of Rho family proteins on epithelial cells size, Nunc, Rochester, NY, USA) and the collagen was
are mediated by their downstream effector molecules allowed to gel prior to addition of medium. In half the
[15, 32, 33]. In yeast, we found that the exocyst is a novel collagen gel cultures, doxycycline was added at 20 ng/mL
downstream effector for Rho1, the RhoA homolog. Rho1p to inhibit mutant RhoA, Rac1, and Cdc42 expression.
interacted with the N-terminus of the exocyst component Medium was changed every 4 days. After 10 days, condi-
Sec3p, thereby regulating the polarized localization of tioned medium containing HGF from MRC5 human lung
the exocyst complex [34]. We also recently showed that fibroblasts (ATCC CCL171) was added to the cultures.
Cdc42p interacted with the exocyst complex through a There was no phenotypic difference between cysts in-
binding site on the N-terminus of Sec3p, and, in fact, duced with MRC5-conditioned medium and recombi-
competed with Rho1 for Sec3p binding [35]. Finally, nant HGF (data not shown), which is similar to what
Rho3 was shown to interact with Exo70 to control vesicle has been reported by other groups [2].
docking with the plasma membrane [36, 37]. Therefore, Note that not all cells expressed the mutant protein
(see Fig. 1B). This could be due to a variable rate at whichat least in yeast, Rho family proteins spatially control exo-
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cells “lost” plasmid expression or to toxicity of the mu- 100 mm plastic dishes in the presence and absence of
20 ng/mL doxycycline. The following day, these cells weretant proteins to the cells. Although the cells were propa-
gated in the presence of doxycycline, there is a basal again trypsinized and 5% of the cells in the dish were
seeded per 12 mm (0.4 um pore size) Transwell filter“leakiness” in the tetracycline-repressible transactivator
system, resulting in some mutant protein expression (un- (Costar, Corning, NY, USA). The cells were grown for
6 to 7 days with fresh medium added daily, along withdetectable by Western blot in the presence of 20 ng/mL
doxycycline). This could result in negative growth selec- doxycycline (20 ng/mL) for half the filters. The excep-
tions to the above protocol were the RhoAV14 andtion for the cell lines. To minimize this problem, a large
quantity of cells were generated and frozen in liquid RacN17 cells in which they were split 1:5 only in the
presence of doxycycline. The RhoAV14 and RacN17nitrogen and new vials were used for each experiment.
The number of tubules per cyst was determined by cells were then plated on Transwell filters in the presence
of doxycyline and allowed to grow to confluency as deter-counting the total number of tubules visible in the plane
of focus of the immunoflourescence microscope at the mined by hydrostatic pressure testing [43] before the
doxycycline was removed (usually after approximatelylevel of greatest cyst diameter (see Statistical analysis for
the method of analysis). 3 days). After washing with PBS, cells were starved for
20 minutes in MEM lacking methionine and then labeled
Immunofluorescence and confocal microscopy by exposing the basolateral surface to a 25 uL drop of
starvation medium containing 4 uL of 35S-methionineCells in collagen gel were rinsed in phosphate-buffered
saline (PBS) and fixed for 30 minutes with 4% paraform- (31.4 uCi/uL, Perkin-Elmer Life Sciences, Boston, MA,
USA) for 20 minutes. For synthesis assays, after pulsingaldehyde after digesting in collagenase (100 U/mL; Sigma
Chemical Co., St. Louis, MO, USA) for 10 minutes at with 35S-methionine for 20 minutes, cells were lysed in
0.5% SDS, equal volumes of 2.5% Triton X-100 were37C as previously described [2, 43]. Nonspecific binding
sites were blocked and the cells permeabilized using added, and immunoprecipitation was performed using
antibody against the basolateral polymeric immunoglob-0.7% fish skin gelatin and 0.025% saponin. Samples were
placed in medium containing myc antibody (1:100 dilu- ulin receptor (pIgR) (a gift from K. Mostov, University
of California, San Francisco, CA, USA), myc and gp135tion) (a gift from K. Mostov, University of California,
San Francisco, CA, USA, and Y. Altschuler, Hebrew (a gift from G. Ojakian, State University of New York,
NY, USA). The immunoprecipitate was then run on anUniversity, Jerusalem, Israel). After extensive washing,
the samples were incubated in blocking buffer containing SDS-PAGE gel and analyzed with a phosphorimager
(Amersham Biosciences, Piscataway, NJ, USA).Alexa 488- or 594-conjugated secondary antibody, 1:200
dilution (Molecular Probes, Eugene, OR, USA). Cells For secretion assays, the cells were labeled as described
above, washed extensively, and MEM was added (0.3 mLwere postfixed with 4% paraformaldehyde and mounted.
Confocal images were collected using a krypton-argon apically and 0.5 mL basolaterally) and collected at 60
minutes. The filters were grown in triplicate for eachlaser (BioRad 1024, Hercules, CA, USA).
experiment, and each experiment was repeated at least
Western blot/immunoprecipitation three times.
Surface delivery assays of gp135 were performed asCells were lysed in 0.5% sodium dodecyl sulfate (SDS)
lysis buffer [0.5% SDS, 100 mmol/L NaCl, 50 mmol/L described above except cells were pulsed with 35S-methi-
onine for 20 minutes, washed extensively, allowed totetraethylammonium (TEA)-chloride pH 8.1, 5 mmol/L
ethylenediaminetetraacetic acid (EDTA), 0.2% aproti- chase for 60 minutes, and Sulfo-NHS-Biotin (EZ-Link,
Pierce, Rockford, IL, USA) was added at 0.5 mg/mL.nin, and 0.02% NaN3] and prepared in standard fashion
[44]. Equal volumes of 2.5% Triton X-100 were added, Immunoprecipitation using antibody against gp135 was
performed. The antibody-beads-antigen complex wasand immunoprecipitation was performed using antibody
against myc. The immunoprecipitate was then separated then boiled and the supernatant was reprecipitated with
streptavidin beads and the remaining proteins run on anon an SDS-polyacrylamide gel. The protein bands were
detected by incubations with the same myc antibody SDS-PAGE gel and analyzed with a phosphorimager
(Molecular Dynamics). The procedure was modified(1:500), followed by goat antimouse horseradish perioxi-
dase (HRP) (Jackson Labs, Westgrove, PA, USA) as from Le Bivic et al [45].
Surface delivery assays of pIgR were performed asthe secondary antibody (1:15,000), and enhanced chemi-
luminescence (ECL) (Amersham Biosciences, Piscata- described above except cells were starved for 15 minutes
in MEM lacking cysteine and then labeled by exposingway, NJ, USA).
the basolateral surface to a 25 uL drop of starvation
Synthesis, secretion, and surface delivery assays medium containing 6 uL of 35S-cystine (11.4 uCi/ul, Per-
kin-Elmer Life Sciences, Boston, MA, USA) for 20 min-Cells from a confluent 100 mm plastic dish were tryp-
sinized and split 1:5 the day before using and plated on utes. Medium containing endoprotease Glu-C (Roche
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Diagnostics, Indianapolis, IN, USA) was added to the in a tet-operon dependent construct [16, 50]. The level
of mutant protein was then regulated by the addition ofbasolateral medium to cleave the secretory component
portion of the pIgR delivered to the basolateral surface. the tetracycline analog doxycycline [16]. In the presence
of 20 ng/mL of doxycycline, the expression of mutant RhoA chase was performed for 45 minutes and the apical
and basolateral medium were collected and the cells on family proteins was repressed (Fig. 1A). In the absence
of doxycycline, mutant Rho family proteins were ex-the filter were lysed in 0.5% SDS lysis buffer. Equal
volumes of 2.5% Triton X-100 were added, and im- pressed; however, the level of mutant protein expression
varied somewhat from cell line to cell line. Regardlessmunoprecipitation was performed using antibody against
pIgR. The immunoprecipitate was then run on an SDS- of variability in expression among the different mutant
Rho family proteins, each cell line had its own “built-PAGE gel and analyzed with a phosphorimager (Molec-
ular Dynamics). The total amount of pIgR expressed in” control, namely, the mutant cell lines in the presence
of doxycycline, thereby negating the possibility of clonal(TpIgR basolateral apical intracellular) and the %
delivered basolaterally [(1 TpIgR V8/TpIgR V8) variation, which is a concern whenever stable MDCK
cell lines are studied.100] and apically [(apical V8/TpIgRV8) 100) were
determined as described previously [46, 47]. In order to more readily simulate a polarized pheno-
type, mutant cells were grown on Transwell filters in the
Statistical analysis presence or absence of doxycycline. In all cases, the cells
formed a tight monolayer that covered the entire filterFor the P values presented in Figures 3 and 4, the
data were log-transformed to achieve approximate nor- surface area as determined by hydrostatic pressure test-
ing [43]. For example, using immunofluorescence con-mality. A multiple linear regression analysis was con-
ducted to examine the effect of mutant Rho protein focal microscopy, expression of myc epitope-tagged
dominant negative Rac1 (Rac1N17) is shown (Fig. 1B).expression (“On,” Dox ) compared to no mutant Rho
protein expression (“Off,” Dox ) while allowing for Concurrent actin staining was also performed, demon-
strating the tight monolayer of cells in both the presencedifferences between the experiments. The effect was
tested using a two-sided t test. Nonsignificant (NS) results and absence of doxycycline.
Though two-dimensional filter-grown cells are veryrefer to P  0.05.
To determine the number of tubules per cyst, 50 cysts useful for biochemical studies, growth in a three-dimen-
sional extracellular matrix gel is more likely to resemblewere counted for each cell line and placed in bins of 0 to
4 tubules per cyst, 5 to 9 tubules per cyst, 10 to 19 tubules the environment experienced by cells in vivo. We utilized
an in vitro model system that involves sparsely seedingper cyst, and greater than 20 tubules per cyst. The data
were summarized by medians and the statistical signifi- MDCK cells in collagen gel cultures and allowing the
cells to form monoclonal hollow fluid-filled cysts over thecance assessed by the Mann-Whitney nonparametric test.
course of 10 days. The cysts are then stimulated to form
tubules with HGF [8, 9, 25]. Doxycycline penetrates the
RESULTS
collagen matrix without difficulty and allows for the re-
Examination of the role of Rho family proteins in cyst pression of myc-tagged Rho family mutant protein ex-
and tubule formation pression.
The three-dimensional culture system was used to ex-RhoA, Rac1, and Cdc42 are the prototype members
of the Rho family of small GTPases. RhoAN19, Rac1N17, amine cystogenesis and the early stages of tubulogenesis
in all the Rho family mutant cell lines. The effects of mu-and Cdc42N17 mutants are dominant negative forms of
RhoA, Rac1, and Cdc42. These mutant proteins compete tant Rho family protein expression on cystogenesis and
tubulogenesis were compared between the cell lines inwith endogenous Rho family members for the nucleotide
exchange proteins that activate the wild-type Rho family both the presence and absence of doxycycline. For the
cystogenesis and tubulogenesis assays, equal numbers ofproteins. Therefore, there are lower levels of functional
activated GTP-bound Rho family proteins in cells ex- cells were seeded in the collagen matrix for all the cell lines
studied. With the exception of Rac1N17 and Rac1V12, thepressing these mutants. In contrast, RhoAV14, Rac1V12,
and Cdc42V12 mutant proteins are in the constitutively number of cysts formed per area of collagen was de-
creased in all the cell lines with mutant Rho family pro-active state. The mutation sites correspond to that of the
oncogenic form of the Ras GTPase. These two forms of tein expression, indicating the involvement of Rho family
proteins in cystogenesis (Table 1).mutants have been instrumental in research toward the
understanding of Rho family function in epithelial cells Interestingly, the disruption of the three prototype
Rho family proteins caused differential effects with re-[16, 17, 24, 48, 49]. We previously transfected MDCK T23
cells, which stably express the tetracycline transactivator, spect to cystogenesis and tubulogenesis. In MDCK epi-
thelial cells, the apical surface is defined by actin-richwith cDNA encoding myc epitope-tagged dominant neg-
ative or constitutively active Rho family mutant proteins microvilli that show intense staining with phalloidin
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Fig. 1. Inducible expression of Rho family mutant proteins. (A) Immunoprecipitation Western blot of Rho family cell lines that expressed dominant
negative (N) and constitutively active (V) RhoA, Cdc42, and Rac1 proteins under the control of a doxycycline (Dox) repressible promoter. The
cell lines were grown in the presence or absence of doxycycline. All mutant Rho family proteins contain a myc epitope tag and Western blot was
performed using a monoclonal antibody against the myc epitope tag following immunoprecipitation with the same myc antibody. In the absence
of doxycycline, mutant Rho family proteins were expressed to varying degrees. (B) Dominant negative (Rac1N17) Rac1 expressing cell lines were
grown on Transwell filters in the presence and absence of doxycycline. The cells formed a tight monolayer that covered the entire filter surface
area as determined by hydrostatic pressure testing [43]. Immunoflourescence staining using antibody against the myc epitope tag and concurrent
staining of actin with phalloidin showed no myc expression in the cells exposed to doxycycline. In the absence of doxycycline, Rac1 mutant protein
expression was seen. The actin staining demonstrates the tight monolayer and normal “chicken wire” epithelial staining pattern of the cells both
in the presence and absence of doxycycline. The confocal images shown here were taken using the same settings. Note that not all cells express
the dominant negative Rac1 protein (see Methods section). Similar results were seen for the constitutively active Rac1 cells and the dominant
negative and constitutively active RhoA and Cdc42 cells (not shown). The Myc and Actin confocal images shown here represent identical areas.
Bar  50 um.
Table 1. The number of cysts in a defined area in the presence or absence of mutant Rho family proteins
RhoAN19 RhoAV14 Rac1N17 Rac1V12 Cdc42N17 Cdc42V12
Dox            
#cysts/area 69 28 127 0 288 286 264 142 198 34 217 41
Cysts were counted in a defined area of collagen (19.6 mm2) located at the center of the collagen gel on each slide. The number of cysts in the presence of
doxycycline (Dox ) was determined using an immunoflourescence microscope and actin staining (mutant Rho family proteins were myc epitope tagged and,
therefore, did not stain with myc antibody in the presence of doxycycline). The number of cysts in the absence of doxycycline (Dox ) was determined using an
immunoflourescence microscope and myc staining. Actin staining was not used as a marker for cyst tabulation in the absence of doxycycline, as some cysts were
formed from cells that did not express the mutant Rho family proteins. When all cysts were counted in absence of doxycycline (i.e., using actin staining), the number
of cysts was not significantly different (i.e., within 10% of the number counted using myc staining), with the exception of Rac1V12 in which 214 total cysts were
counted (versus 142 when myc expression alone was used for the tabulation).
[2, 51]. By co-staining for actin and the apical membrane not inhibit cystogenesis, although there was an inversion
of cyst polarity with more intense actin staining seenprotein marker gp135, it was previously confirmed that
this intense actin staining delineates the apical surface on the outer surface of the cysts (Fig. 2F arrowhead);
tubulogenesis was not inhibited (Fig. 2 G and H). Expres-in both MDCK and Rac1N17 cell cysts [24]. In the pres-
ence of doxycycline, all the cell lines formed cysts and sion of constitutively active Rac1 (Rac1V12) resulted in
typical cyst polarity (Fig. 2J, arrow) with no inhibitiontubules in a standard manner and there was no detect-
able expression of Rho family mutant myc-tagged pro- of tubulogenesis (Fig. 2 I to L). In contrast, dominant
negative Rac1 (Rac1N17) caused an inversion of cystteins (Fig. 2 A to D). All of the mutant Rho family
proteins were engineered to contain a myc epitope tag. polarity (Fig. 2N, arrowhead), as previously reported
[24], with a concurrent inhibition of tubulogenesis (Fig.Expression of constitutively active RhoA (RhoAV14)
completely inhibited cystogenesis and tubulogenesis (con- 2 M to P). Expression of both constitutively active,
Cdc42V12, and dominant negative, Cdc42N17, Cdc42sequently no cysts or tubules are shown). Dominant neg-
ative RhoA (RhoAN19) protein expression was demon- mutants caused an inversion of cyst polarity (Fig. 2 R
and V, arrowhead) with no inhibition of tubulogenesisstrated by the myc staining in the RhoAN19 cells (Fig.
2 E and G). Expression of dominant negative RhoA did (Fig. 2 Q to X).
Fig. 2. Differential effect of Rho family mutations on cystogenesis and tubulogenesis. Confocal images of cysts grown for 10 days in a collagen
matrix (A, B, E, F, I, J, M, N, Q, R, U, and V ) and then stimulated to form tubules with HGF (C, D, G, H, K, L, O, P, S, T, W, and X ). Columns
1 and 3 show staining with antibodies to the myc epitope tag of the Rho family of small GTPases and confirms that expression of the Rho family
mutant proteins is occurring in the cysts and tubules shown. Columns 2 and 4 represent the same structures as columns 1 and 3, respectively, but
show concurrent staining of actin with phalloidin. (A, B, C, and D) Control cysts and tubules. Typical Madin-Darby canine kidney (MDCK) cyst
polarity with intense apical actin staining on the inside of the cyst is seen (arrow). Cystogenesis and tubulogenesis were identical to untransfected
MDCK cells in all the Rho family cell lines treated with doxycycline (20 ng/mL). Expression of constitutively active RhoA, RhoAV14, completely
inhibited both cystogenesis and tubulogenesis (and therefore is not shown) though these cells could be grown in a monolayer in the absence of
doxycycline. (E, F, G, and H) Dominant negative Rho, RhoAN19, expression led to an inversion of cyst polarity (as revealed by actin staining of
the cyst periphery, arrowhead). Tubulogenesis appeared robust and was not inhibited. (I, J, K, and L) Expression of constitutively active Rac1,
Rac1V12, showed standard cyst polarity with no inhibition of tubulogenesis. (M, N, O, and P) Dominant negative Rac1, Rac1N17, caused an
inversion of cyst polarity and an inhibition of tubulogenesis. (Q, R, S, T, U, V, W, and X) Constitutively active, Cdc42V12, and dominant negative,
Cdc42N17, mutant expression caused an inversion of cyst polarity. Tubulogenesis was not inhibited. Images in columns 1 and 2, and columns 3
and 4 represent identical areas and magnification. Identical confocal settings were used for imaging columns 1 and 3 (myc) and columns 2 and 4
(actin), respectively. Bar  50 um. Arrow indicates normal cyst polarity, while the arrowhead indicates inverted cyst polarity.
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There was no difference in the number of early-stage on Transwell filters for 7 days in the presence or absence
tubules (termed “extensions”) per cyst for dominant of doxycycline. The cells were metabolically pulse-labeled
negative RhoA (RhoAN19), constitutively active Rac1 with 35S-methionine, lysed, and then immunoprecipita-
(Rac1V12), dominant negative Cdc42 (Cdc42N17), or tion was performed using antibodies against the myc
constitutively active Cdc42 (Cdc42V12) cells. As noted, epitope tag of the Rho family mutant proteins. In the
there were no tubules seen with the dominant negative presence of doxycycline, Rho family mutant protein ex-
Rac1(Rac1N17)orconstitutivelyactiveRhoA(RhoAV12) pression was inhibited. In the absence of doxycycline,
cells (data not shown). Rho family mutant proteins were expressed confirming
Three days of exposure of MDCK cell cysts to HGF that our tetracycline/doxycycline repressible system was
is sufficient to generate the final stages of tubulogenesis working (Fig. 3A). Synthesis and delivery of the major
[2]; however, we were unable to identify mature tubules MDCK secretory protein, gp80 [52], was then examined
with lumens as the mutant GTPase proteins, both consti- by metabolically pulse-labeling filter-grown cells with
tutively active and dominant negative, seemed to inhibit 35S-methionine. For the secretion assays, the apical and
normal tubulogenesis beyond the cord stage. Although basolateral media were collected following a 1-hour
we could not do quantitative studies, the same general chase. Radioactivity associated with gp80 was used as a
trend we observed for the early stages of tubulogenesis general marker for secretion. Secretion was increased,
held true following longer exposure to HGF, namely, in comparison to the Dox control cells, when Rac1V12,
RhoA constitutively active cells formed neither cysts nor Cdc42N17, and Cdc42V12 were expressed. In contrast,
tubules, while the dominant negative Rac1 cells formed the secretion of gp80 was decreased, in comparison to
cysts but not tubules. The other Rho family mutant pro- the Dox  control cells, when RhoAV14 and Rac1N17
teins formed tubules, albeit not classically mature and were expressed. Secretion in the RhoAN19 cells in the
with an abnormal phenotype (data not shown). presence and absence of doxycycline was not signifi-
cantly different (Fig. 3B). Gp80 synthesis assays wereIdentification of a Rho family/exocyst interaction as
also performed and the results matched the pattern de-a possible mechanism controlling cystogenesis and
scribed for the gp80 secretion studies (data not shown).tubulogenesis using a series of synthesis and
delivery assays The effects of mutant Rho family protein expression
The yeast exocyst complex is a downstream effector on the synthesis and delivery of basolateral and
for Rho1 (the homolog of RhoA), Rho3, and Cdc42 apical plasma membrane proteins
[34–37], and the mammalian exocyst is centrally involved
MDCK T23 cells express both Rho mutant family pro-in the process of cystogenesis and tubulogenesis [25].
teins, under the control of the tetracycline/doxycyclineThese studies, in combination with our finding that muta-
repressible transactivator, and pIgR. PIgR cDNA wastions in RhoA, Rac1, and Cdc42 caused differential ef-
transfected into MDCK T23 cells using a PCB7 plasmid,fects on cystogenesis and tubulogenesis, led us to exam-
which contains a cytomegalovirus (CMV) promoter de-ine the possibility that the different Rho family proteins
void of regulatory elements, and is, therefore, constitu-were acting in concert to control cystogenesis and tubulo-
tively active. This allowed us to examine the synthesisgenesis via their action on the exocyst complex.
and delivery of pIgR in the presence and absence of RhoWe previously demonstrated that the exocyst complex
family mutant proteins. Rho family mutant cell linesspecifically affects the synthesis and delivery of basolat-
grown on Transwell filters for 7 days in the presence oreral plasma membrane and secretory proteins [25]. Other
absence of doxycycline were metabolically pulse-labeledgroups, while not examining secretion, have also shown
with 35S-cystine, lysed, and immunoprecipitation wasthat the exocyst complex specifically affects basolateral
then performed using antibodies against pIgR. Synthesisprotein trafficking [40–42]. We, therefore, used this mem-
of pIgR was increased, in comparison to the Dox brane trafficking profile of the exocyst [25], namely, syn-
control cells, when Rac1V12, Cdc42N17, and Cdc42V12thesis and delivery of basolateral plasma membrane and
were expressed (Dox  cells). In contrast, the synthesissecretory proteins, as a marker for a Rho/exocyst interac-
of pIgR was decreased, in comparison to the Dox con-tion. Although it would be ideal to do protein synthesis
trol cells, when RhoAV14 and Rac1N17 were expressed.and delivery assays in a three-dimensional system, the pres-
The synthesis of pIgR in the RhoAN19 cells in the pres-ence of a collagen matrix makes this virtually impossible
ence and absence of doxycycline was not significantly[43]. Accordingly, these experiments were performed in
different (Fig. 4A). PIgR delivery assays were also per-a standard manner using two-dimensional filter supports.
formed and the results were identical to the pattern de-
The effects of mutant Rho family protein expression scribed for the pIgR synthesis assays (data not shown).
on secretion To confirm this was indeed a specific membrane traf-
ficking effect, we examined the synthesis and delivery ofThe effects of Rho family mutant protein expression
were examined using Rho family mutant cell lines grown the endogenous apical plasma membrane protein gp135.
Rogers et al: Rho, Rac, Cdc42 in cystogenesis and tubulogenesis 1639
Fig. 3. Expression of Rho family mutant proteins and secretion of gp80 in the presence of Rho family mutant proteins. Rho family mutant cell
lines were grown on Transwell filters for 7 days in the presence (Dox ) or absence of doxycycline (Dox –). The cells were metabolically pulse
labeled with 35S-methionine for 20 minutes. The cells were either then lysed followed by immunoprecipitation using antibodies against the myc
epitope tag of the Rho family mutant proteins (A), or the apical and basolateral medium were collected after a 1-hour chase (B). (A) The
immunoprecipitate was analyzed by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and radioactivity associated
with the myc-tagged Rho family mutant proteins was determined using a phosphorimager. In the presence of doxycycline, Rho family mutant
protein expression was inhibited. In the absence of doxycycline, the mutant Rho proteins were expressed. (B) The apical and basolateral (not
shown) media were collected after a 1-hour chase and aliquots were analyzed by SDS-10% PAGE and the radioactivity associated with the major
Madin-Darby canine kidney (MDCK) cell secretory protein, gp80, was determined using a phosphorimager. Secretion of gp80 was increased, in
comparison to the Dox  control cells, when Rac1V12, Cdc42N17, and Cdc42V12 were expressed. In contrast, the secretion of gp80 was decreased,
in comparison to the Dox  control cells, when RhoAV14 and Rac1N17 were expressed. The secretion of gp80 in the RhoAN19 cells in the
presence and absence of doxycycline was not significantly different. Gp80 synthesis assays were also performed and the results were identical to
the pattern described above (data not shown). The filters were grown in triplicate and the radioactivity associated with gp80 was quantified. See
Statistical analysis section for a description of how the composite P values for all the experiments were determined. RhoAN19, Rac1N17, and
Cdc42N17 are dominant negative forms of RhoA, Rac1, and Cdc42. RhoAV14, Rac1V12, and Cdc42V12 are constitutively active forms of RhoA,
Rac1, and Cdc42. M  14C markers. All experiments were repeated at least three times.
Rogers et al: Rho, Rac, Cdc42 in cystogenesis and tubulogenesis1640
Fig. 4. Synthesis of the basolateral protein pIgR and delivery of the apical protein gp135. Rho family mutant cell lines were grown on Transwell
filters for 7 days in the presence (Dox ) or absence of doxycycline (Dox ). The cells were metabolically pulse-labeled with either 35S-cystine
(pIgR) or 35S-methionine (gp135) for 20 minutes. (A) For the basolateral polymeric immunoglobulin receptor (pIgR) synthesis assay, the cells
were lysed and immunoprecipitation was performed. The immunoprecipitate generated using antibodies against the basolateral protein pIgR was
analyzed by sodium dodecyl sulfate (SDS)-10% polyacrylmide gel electrophoresis (PAGE) and radioactivity associated with pIgR was determined
using a phosphorimager. The synthesis of pIgR was increased, in comparison to the Dox  control cells, when Rac1V12, Cdc42N17, and Cdc42V12
were expressed. In contrast, the synthesis of pIgR was decreased, in comparison to the Dox  control cells, when RhoAV14 and Rac1N17 were
expressed. The synthesis of pIgR in the RhoAN19 cells in the presence and absence of doxycycline was not significantly different. The filters were
grown in triplicate and the radioactivity associated with pIgR was quantified. See Statistical analysis section for a description of how the composite
P values for all the experiments were determined. PIgR delivery assays were also performed and the results were identical to the pattern described
above. The synthesis rather than the delivery data is shown for reasons of space consideration as the delivery assay utilized multiple gels containing
immunoprecipitates of the apical medium, basolateral medium, and cell lysate (see Methods section). (B) For the apical gp135 delivery assays,
biotin was first added to the apical surface and immunoprecipitation was performed using antibodies against gp135. The immunoprecipitate was
then reprecipitated with strepavidin beads to capture the fraction of gp135 delivered to the apical surface. There was no difference in the apical
delivery of gp135 in the presence or absence of all the Rho family mutant proteins, with the exception of RhoAV14 in which there was significantly
less gp135 delivered in comparison to the Dox  control cells. Gp135 synthesis assays were also performed and the results were identical to the
pattern described above (data not shown). RhoAN19, Rac1N17, and Cdc42N17 represent dominant negative forms of RhoA, Rac1, and Cdc42.
RhoAV14, Rac1V12, and Cdc42V12 represent constitutively active forms of RhoA, Rac1, and Cdc42. M  14C markers. All experiments were
repeated at least twice.
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Table 2. Summary of the protein synthesis/secretion data cles with dorsal holes, the three GTPases appeared to
from figures 3 and 4
play distinct and coordinate roles in this process [54–56].
RhoAN19 RhoAV14 Rac1N17 Rac1V12 Cdc42N17 CdcV12 It was also recently shown that RhoA, Rac, and Cdc42 act
pIgR — Dec Dec Inc Inc Inc differentially to allow dendrite growth in optic tectal cells
gp80 — Dec Dec Inc Inc Inc upon visual stimulation in Xenopus laevis tadpoles [57].
gp135 — Dec — — — —
The fact that dominant negative and constitutively
The results are recorded as the relationship between protein synthesis and active Cdc42 mutations caused the same effects was atdelivery in the “On” state (when mutant Rho, Rac, and Cdc42 are expressed;
Dox) compared to the “Off” state (when mutant Rho, Rac, and Cdc42 expres- first somewhat puzzling. However, we believe the expla-
sion are inhibited; Dox ). When the phosphorimager counts in the “On” state nation lies in the fact that both mutants interfere withcompared to the “Off” state are statistically increased, “Inc” is recorded. When
the phosphorimager counts in the “On” state compared to the “Off” state are the natural cycling of endogenous Cdc42 between the
decreased, “Dec” is recorded for each protein examined. When there is no GTP and GDP states, resulting in identical effects. Thisdifference, “—” is recorded.
situation has been described for other small GTPases
(including Rho family members) in other cell culture
systems and in whole organisms [58–60]. Overall, pertur-
Again, cells were grown on Transwell filters for 7 days bation of the function of the three prototype Rho family
in the presence or absence of doxycycline and labeled proteins resulted in markedly different effects, which led
with 35S-methionine. The cells were allowed to chase for us to believe that the different Rho family proteins were
1 hour and biotin was added to the apical surface. Immu- acting in concert to direct the process of cystogenesis
noprecipitation using antibody against gp135, followed and tubulogenesis.
by reprecipitation with strepavidin beads was performed O’Brien et al [24] showed that the inversion of cyst
to determine the amount of gp135 delivered to the apical polarity in dominant negative Rac1 mutant cysts was
surface. There was no difference in the apical delivery due to abnormal basolateral laminin assembly as a result
of gp135 in the presence or absence of all the Rho family of decreased levels of the laminin receptor, 31 integrin
mutant proteins, with the exception of RhoAV14 in [24]. In addition to the inversion of polarity in dominant
which there was significantly less gp135 delivered in com- negative Rac1 cysts, we found that tubulogenesis was com-
parison to the Dox  control cells (Fig. 4B). It should pletely inhibited. Interestingly, mice with targeted dis-
be noted that other studies of gp135 delivery in RacV12 ruptions of the 31 integrin gene (31 /) have been
cells, using a slightly different protocol, showed a de- generated and died within 24 hours of birth, most likely
crease in delivery in the absence of doxycycline [53]. due to kidney failure. These 31/mice had a twofold
Gp135 synthesis assays were also conducted and the re- reduction in medullary collecting ducts (tubules) com-
sults matched the pattern described for the gp135 deliv- pared to control animals, as well as a marked reduction
in the number of glomerular visceral epithelial cells, andery studies (data not shown).
disordered glomerular basement membranes. These re-The results of the different pulse and pulse-chase ex-
sults suggested a role for 31 in glomerular visceralperiments are summarized in Table 2.
epithelial cell development, glomerular basement mem-
brane organization, and branching morphogenesis of the
DISCUSSION ureteric bud, which is the tubular epithelial component
We report two principal findings, both of which are involved in kidney development [12, 61]. In addition to
quite interesting. First, we show that the Rho family of the kidney defects, lung development in the 31 /
small GTPases are centrally involved in cystogenesis and mice was also markedly abnormal and the vertebrate
tubulogenesis. A recent report demonstrated that Rac1 lung is an organ that is formed by branching tubules that
was involved in cystogenesis and that a dominant nega- terminate in alveolar cysts [62]. 31 and laminin were
tive form of Rac1 (Rac1N17) caused an inversion in cyst also implicated in ureteric bud branching in whole em-
polarity due to abnormal basolateral laminin assembly bryonic kidney organ culture as well as in isolated ure-
[24]. We show here that all the prototype Rho family pro- teric bud culture [63]. Laminin assembly was not tested
teins, RhoA, Rac1, and Cdc42, are involved in both cys- in the dominant negative RhoA or Cdc42 mutants where
togenesis and tubulogenesis. Furthermore, perturbation inverted polarity was also seen, although this is a likely
of the different Rho family proteins, using dominant mechanism. These studies provide reassurance that the
negative and constitutively active forms of these pro- results described here, using the in vitro cystogenesis
teins, caused differential effects on cystogenesis and tu- and tubulogenesis assay [8, 9], are directly relevant to
bulogenesis. This may be analogous to the situation that the developing animal.
occurs during dorsal closure in Drosophila development. The effects of Rho family proteins on epithelial cells
Although interference, by dominant negative and consti- are mediated by their downstream effector molecules
tutively active mutations, with either Drac1, DCdc42, or [15, 32, 33]. Our second finding involves the identification
of the mammalian exocyst as a possible downstream ef-Rho1 activity resulted in abnormal dorsal closure, cuti-
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fector of the Rho family of small GTPase proteins in lating Rho protein function as a possible treatment for
ADPKD [70, 71].epithelial cystogenesis and tubulogenesis. It was pre-
viously shown, in budding yeast, that the exocyst is a
novel downstream effector for Rho family proteins [34–37]. CONCLUSION
While it was quite clear in yeast that Rho family proteins
Transient loss and restoration of cell polarity havespatially controlled exocytic membrane traffic by inter-
proved to be crucial components of tubulogenesis [2].acting with the exocyst, the Rho family has not been
Together with studies showing that Rho family proteinsshown to control the mammalian exocyst [64].
control polarized exocyst localization in yeast [34, 35, 37]We used the profile of the exocyst we previously identi-
and that the exocyst is centrally involved in mammalianfied [25], namely, secretory and basolateral plasma mem-
cystogenesis and tubulogenesis [25], the data presentedbrane protein synthesis and secretion, as a marker for
here support the idea that Rho family/exocyst interac-an interaction. There is evidence from three studies of
tions control epithelial cyst and tubule formation.at least an indirect interaction. The exocyst complex
was very recently shown to be an effector for the small
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